Transparent conducting films with superior laser damage performance have drawn intense interests toward optoelectronic applications under high energy density environment. In order to make optoelectronic applications with high laser damage performance, a fundamental understanding of damage mechanisms of conducting films is crucial. In this study, we performed laser damage experiments on tin-doped indium oxide films (ITO, Bandgap = 4.0 eV) using a nanosecond (ns) pulse laser (1064 nm) and investigated the underlying physical damage mechanisms. Single ns laser pulse irradiation on ITO films resulted in common thermal degradation features such as melting and evaporation although the laser photon energy (1.03 eV, 1064 nm) was smaller than the bandgap. Dominant laser energy absorption of the ITO film is attributed to free carriers due to degenerate doping. Upon multi-pulse irradiation on the film, damage initiation and growth were observed at lower laser fluences, where no apparent damage was formed upon single pulse, suggesting a laser-induced incubation effect.
INTRODUCTION
Recently, there has been growing interest in transparent conducting films with higher optical strength for high repetitionrated, high average power laser systems. 1 Due to their wide bandgap and high mobility, degenerately doped metal oxides such as indium tin oxide (ITO) have been widely used as transparent conducting films. 2 However, most studies have been concentrated on improving transparency and electrical conductivity. In order to achieve higher laser damage performance while maintaining transparency and conductivity, it is of paramount importance to understand laser damage mechanisms. In this paper, we performed laser damage experiments on ITO films using a nanosecond (ns) pulse laser (1064 nm) and investigated the damage mechanisms. First, single pulse damage tests were performed and the resulting damage sites were examined with a confocal laser (658 nm) scanning microscope, providing high-resolution surface morphology information in conjunction with depth profile, where the common features of thermal degradation such as cracking, melting, evaporation, and plasma-induced re-deposition were observed. Furthermore, since multi-pulse laser damage is more relevant and important for device lifetime operation, multi-pulse laser damage tests were also carried out.
EXPERIMENTAL METHODS

ITO samples
The ITO films used in this study (WTSQ11050-C) were obtained from Thorlabs. The 90 nm ITO film was deposited using an e-beam evaporator onto a 5 mm thick N-BK7 substrate (1" square) that has a near-infrared (NIR) anti-reflection coating layer on the exit side. The carrier concentration (N e ) was measured as 1.99×10 21 cm -3 , the mobility as 29.5 cm 2 /Vs, and sheet resistance as 11.8 Ω/sq using a Hall effect measurement instrument (Ecopia, HMS-3000). 
Laser damage experiments
Laser damage experiments were conducted under ambient conditions using a Nd:YAG laser (Spectra Physics, QuantaRay Pro 350). The FWHM pulse duration was 9 ns and the wavelength was 1064 nm. The 1/e 2 beam diameter was 650 μm with Gaussian beam profile (D X : 580 μm, D Y : 720 μm). The angle of incidence was ± 1° while the samples were held vertically with the film input surface facing the laser. For the single pulse laser damage experiments, a single laser pulse was applied at a pristine location on the film. For the multiple pulse laser damage experiments, multiple pulses were applied at a single location with a repetition rate of 10 Hz. The power stability of the laser was estimated to be ~± 3% over extended use.
Damage characterization
Optical microscope images and confocal laser scanning microscope images were obtained using a 3D Laser Scanning Confocal Microscope (Keyence, VK-X100) with two illumination sources -a white light lamp and a 658 nm laser. In order to create a stitched microscope image for the multi-pulse damage site characterization, a high speed 1.3 mega pixel CMOS imaging camera (MC1311, Mikrotron) with a 20× objective lens was used with custom software written in LabVIEW. Scanning electron microscope (SEM) images (Nova NanoSEM 650, FEI) were obtained without metal coating. Optical failure modes of conductive ITO films under single laser pulses were investigated across a range of laser fluences. Fig. 1 shows microscope images of a single shot damaged ITO sample, revealing increased degradation area with increased laser fluence. The apparent damage, which we defined as an observable modification of the film with an optical microscope, started with "darkening" of the film [ Fig . In order to capture the "darkening", the optical contrast of the images in Fig. 1 (a) was enhanced using ImageJ. At 2.5 J/cm 2 (data not shown), the "darkening" was not observed even after the contrast enhancement. With increasing fluence, the common features of thermal degradation such as thermal stress cracking, melting, evaporation, and plasma formation eventually developed. More detailed data can be found in our previous work. 3 In Fig A more detailed view of the laser damaged site in the ITO film is shown in Fig. 2 . Fig. 2(a) shows pristine film area of the ITO film, where polycrystalline grain structure is observed and its sizes are approximately ~20 nm, which is comparable to the crystal grain sizes that were calculated from Scherrer analysis of the XRD peak broadening.
RESULTS AND DISCUSSION
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3 Fig. 2 (b) shows a SEM image of the darkening region labeled "x" in Fig. 1 (a) at 4.5 J/cm 2 , where cracks, grain growth, and surface smoothing are observed. The "darkening" can now be attributed, at least in part, to the scattering of light from the cracks. The phenomenon of crack formation following the contour of the grain boundaries could be caused by the mismatched coefficients of thermal expansion (CTE) of the glass substrate (α s = 8.3×10
-6 /K) and the ITO film (α f = 6.7×10 -6 /K for In 2 O 3 ), or the rapid heat induced strain during ns laser exposure. A simple calculation of the mismatched thermal stress between the film and the substrate (the Young Modulus E = 119 GPa, the Poisson ratio ν of 0.35, and the peak temperature gradient taken as ΔT ~1000 K) suggests a tensile stress up to σ ≈ E(α s -α f )ΔT/(1-ν) = 0.3 GPa, which is well below the ITO yield strength of 1.2 GPa at ambient conditions. 5 Therefore, dynamic and temperature dependent material properties may play a role in facilitating the crack formation. Another mode of crack formation could result from rapid ITO volume change due to fast heating/cooling or/and film melting and re-solidification processes analogous to "crack formation in a drying lake bed". Furthermore, under the pulse irradiation, the film surface morphology itself began to change considerably with grain growth. The grain sizes were observed to increase by a factor of ten and the surface also became smooth via melting and surface transport. 6 The laser beam profile was Gaussian, which would result in a nearly (super) Gaussian surface temperature distribution. Under this temperature profile, for the damage site at 4.5 J/cm 2 , the peak temperature could reach the ITO melting temperature (~2000 K) at the center. The surface temperature decreased toward the beam edge, where the laser-induced film modification including crack, grain growth, and surface smoothing developed and the darkening is associated with the film modification. By increasing the fluence from 6.0 to 7.0 J/cm 2 (τ p = 9 ns) in Fig. 1(b) , a plasma was detected above the film surface during the laser illumination. When the coupled laser energy becomes larger than the ionization energy of a target material, a plasma could be formed. The plasma formation is accompanied by material removal (or laser ablation) because laser induced material removal is initiated at the lower energy level. At laser fluences > 6.0 J/ cm 2 , the film was completely removed in the beam center and the underlying substrate was exposed. Interestingly, with the plasma formation, molten material ejecta also occurred near the material removal region. Fig 3 shows the molten material ejecta near a damage site with a plasma formation, where the fluence was 5.0 J/cm 2 and the pulse duration was 3 ns. The effective fluence (for 9 ns) was estimated as 8.5 J/cm 2 based on our pulse scale experiments (data not shown). The direction of the ejecta was radially outward as indicated by the arrows in the inset. One of the molten ejecta was by chance located over the region with a crack and the crack in the molten eject indicates that the time of the crack formation is after the plasma formation, and therefore, after the laser pulse and possibly during the film cooling. . The number of laser pulse exposures is indicated in the top left corner. In Fig.  4(a) , under the initial single pulse irradiation, apparent film damage was not observed; however, after the next exposure (pulse) at the same laser fluence, film color change (or darkening) apparently occurred, suggesting that the film had been modified in the previous exposure. As shown in Fig. 1(a, 3 .0 J/cm 2 ), with the image processing (optical constrast enhancement), subtle darkening was detected. Yet, in Fig. 4(b) at a lower fluence of 2.5 J/cm 2 , upon single pulse irradiation, any subtle change was not detected even with the image processing (data not shown) and under the exposure of ten pulses, apparent darkening then developed. Prior to the apparent damage, subtle change can be captured at the lower pulse number exposure cases (#6 and #8) by the image processing. In Fig. 4(c) , at a fluence of 2.0 J/cm 2 , the first appraent damage was observed under the exposure of ~100 pulses. In the case of #10, localized damages were also observed, suggesting that the damage initiation process under multi-pulse exposure is possibly relevant to discrete damage precursors. In the perspective of ITO film life-time operation, even at a laser fluence without apparent damage development under a single pulse exposure, damages can be initiated under repeated exposures. More importantly, once a damage is initiated, the damage continuouly expands (as shown in Fig. 4 ) with subsequent pulses, demonstrating multi-
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it depth: -90 nm 25 pm pulse induced cumulative film degradataion. This suggests that the multi-pulse laser damage process can be different from the single pulse damage process. Based on SEM characterization, the multi-pulse induced damage morphology was substantially different from the single-pulse one, where the tracks of remnant film material were aligned in parallel along the edge of the damage site. 3 The tracks were separated by a distance of about 100 nm, which corresponds to the thermal diffusion length of ITO. The themal diffusion length, L th (~2√D ITO τ p ), was estimated as 150 nm for a pulse length of τ p = 9 ns and a thermal diffusivity, D ITO , of 1.6×10 -6 m 2 /s. The track was created with each pulse: the edge region was modified by the precedent pulses and became more light energy absorptive. Upon subsequent pulses, the edge region was melt (and possibly evaporated) even at a lower fluence owing to the Gaussian beam profile and the molten ITO could be transported radially outward with the remnant behind. The total number of laser pulses deposited to the film is shown in the top left corner. The optical contrast was enhanced using ImageJ for both images in order to display subtle change. In Fig.  5(a) , upon single pulse exposure, the reflection intensity at 658 nm becomes less in the beam center. The modification (or the darkening) was apparent upon following pulses and in Fig. 5(b) and cracks and dark spots developed as well. The cracks were more apparent in the beam center, presumably due to the wider width and the deeper depth. Based on the depth profile in the inset, the dark spots are pits and the low reflection is due to substrate exposure. Wide pits in the beam center could develop by the ITO fragment detachment and small pits could develop by dewetting. 4 Especially, the small pits are observed in the region without cracks, apart from the beam center, suggesting discrete damage precursor in the ITO film.
Upon single-pulse irradiation, the ITO film laser damage was driven by deterministic free carrier absorption and bulk heating, resulting in thermally activated damage processes such as thermomechanical stress induced cracking, film melting, and evaporation. On the contrary, for multi-pulse exposure damage cases, when the laser fluence is higher than the modification (or darkening) threshold, the ITO film was modified and the modification kept accumulated with subsequent pulses and apparent damage was finally initiated and expanded. In other words, the multi-pulse induced damage develops in a positive feedback manner. We speculate that the modification observed as reflection reduction (or the darkening) could be attributed to thermochemical modifications such as oxygen vacancy formation due to fast heating/cooling.
SUMMARY AND CONCLUSIONS
We performed laser damage experiments on ITO films using a 9 ns pulse laser (1064 nm) and investigated the laser induced damage mechanisms. Although the laser photon energy was smaller than the bandgap of the ITO film, laser pulse irradiation produced damages. Upon single-pulse irradiation, the ITO film laser damage was driven by deterministic free carrier absorption and bulk heating, resulting in thermally activated damage processes such as thermomechanical stress induced cracking, film melting, and evaporation. On the contrary, upon multi-pulse irradiation, damage initiation and growth were observed at lower laser fluences, where no apparent damage was initiated by single pulse. When the laser fluence is higher than the modification (or darkening) threshold, the ITO film was modified and the modification kept accumulated with subsequent pulses and apparent damage was finally initiated and expanded. The multi-pulse induced damage develops in a positive feedback manner, demonstrating laser-induced incubation effect.
